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FREE-JETALTITUDEIN’V?3STIGATIONOFA 20-XNCHRAM-JETCOMBUSTOR

A RICHINNERZONEOF COMBUSTIONFORIMPROVED

LOW-TEMPERATURE-RATIOOPERATION

By ArthurM.TroutandCsrlB.Wentworth

SUMMARY

An investigateionof thealtitudeperformanceof a 20-inch-diameter
high-temperature-ratioram-jetcombustorwhichhadbeenredesignedto
providegoodcombustorefficiencyovera widerangeoftemperature
ratioswasconductedat zeroangleof attackina free-jetfacilityat
a Machnmiberof 3.0. Mostof theinvestigationwasforoperationat a
simulatedaltitudeof about70,400feet. Configurationsinvestigated
incorporateda cylindrical.controlsleevewhichconfinedtheinjected
fuelat lesnover-allfuel-airratiostoabout40percentoftheengine
airflow,thusmaintainingan optimumfuel-airmixtureovera portion
oftheflameholderwhentheover-alJfuel-airratiowasabout0.015to

b 0.02. Exhaustnozzlesof 45 and55percentof theconibustion-chaniber
areawereusedin conibinationwithcodmstion-chamberkngthsof 48 and
77 inches..

Whereastheoriginalengineconfiguration,whichcontainedno con-
trolsleeve,hada leanlimitof operationat a fuel-airratioof about
0.03,theconfigurationswiththecontrolsleevereportedhereinopera-
tedwellat a fuel-airratioof 0.015or lower.Theinnercotiustfon
zonehadpeakconibustorefficienciesfrom0.80to 0.88at a fuel-air
ratioof about0.02forthevariousconfigurations.Withbothinnerand
outerzonesburning,peakcotiustorefficiencywas0.88to 0.92at a
fuel-airratioof 0.045to 0.05,whichwasessentiallythesameasfor
theoriginalengineconfiguration.Thecontrolsleevecausedonlya
slightincreaseintheburnertotal-pressureloss. Thus,possibilities-
seemgoodforthedevelopmentof an engineto satisfytherequirements
fora long-rangemissileor fortacticalmissilesreauirin~variable
thrust formaneuvering(i.e.,
rangeof temperatureratios).

.

Theoreticalanalysishas

goodcodmstioneffici&cyo;era wide
*

INTRODUCTION

shownthathydrocarbon-burningram-jet.
engineswhichcouldpowera long-rangemissileat cruiseconditionsmust
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operatewithgoodconibustionefficiencyat a relativelylowfuel-air
ratio.Analysisalsoindicatesthatonan over-allgross-weightbasis
(includingrocketboost),an optimum,long-range,ram-jet-missileflight w .
planmightincludea relativelymoderateeti”ernalboostto someflight
Machnumberandaltitudebelowcruiseconditionsandwouldutilizethe
missileram-jetenginesto accelerateandclinibtothecruisealtitude
andflightMachnumber.Sucha flightplanwouldcallforan engine
witha variable-geometryinletandexitandwitha combustionchsaiber
capableof operatingefficientlyovera widerangeoftemperatureratios 2
andpressures.Hightemperatureratios(nearstoichiometri.cfuel-air 8
ratio)wouldbe requiredduringtheacceleratingphaseoftheflight,
andlowtemperatureratios(fuel-airratios,of0.02to0.03),forthe
long-rangecruiseportionofflight.A combustionchsmiberwhichcould
operateovera widerangeoftemperatureratiosmightalsobe neededfor
a tacticalmissilerequiringvariablethrustformaneuvering.

A collectionofexperimentalram-jetdatacompiledfromverious
unrelatedsourcesby theLewislaboratorystaffinearly1952showed
thattherewasnotavailable,atthattime,performancedatafora ram-
Jetcombustorthatcouldoperatewithgoodcombustionefficiency(e.g.,
90percentor above)overa widerangeoftemperatureratios.Thiscol-
lectionof dataindicated,however,thattherewerepromisingdesign
techniquesintheram-jet-combustorfieldwhich,ifproperlydeveloped,

--

mightmakeitpossibleto incorporatethedesiredoperatingcharacteris-
ticsina singleram-jetengine.Accordingly,a programwasinitiated
inMarch1952,at theLewislaboratoryforan intensiveandsystematic J–
resesrchprogramaimedatthedevelopmentof,afull-scaleram-jetengine
suitableforlong-rangeapplication. w

Onemethodthathasbeenproposedtomaintainhighconibustioneffi-
ciencyat lowover-allfuel-airratiosconsistsof confiningthein~ected

.—

fueltoa portionoftheconibustion-chamberairin sucha waythatan
optimumlocalfuel-airratioismaintainedovera portionoftheflsme-
holdingsystem.Theuseof sucha methodisreportedinreference1, In
whichit isshownthat,by properlycontrollingthefuel-airmixingpro-
cess,lsrgegainsinconibustionefficiencyatlowover-allfuel-air
ratioscanbe obtained.Thismethodofconfiningthefuel-airmixture
wasappliedinthepartof thedevelopmentprogramwhichisreported
herein.

Thedatapresentedhereinwereobtainedby operationofa 20-inch-
diameterram-jetengineinstalledat zeroangleofattackina free-jet
testfacility.ThenominalMachnumberofthejetwas3.0,andthe
rangeof simulatedaltitudesinthejetwasfrom60,500to 70,400feet.
Theinlettotaltemperaturewasheldconstantat1100°R, whichisthe
standardtotaltergperaturefora flightMachnumberof 3.0abovethetrop-
opause.Performanceatthelowerinletpressuresandtemperatureswhich
mightbe encounteredin somelong-rangemiss~l.eflightplanswasnot
investigatedinthephaseoftheprogrsmreportedherein.Thisengine
hadbeenoriginally-designedforhigh-te~erature-ratiooperation,and
theperformanceofthisenginei reference2,whereitis
shownthatthecotiustorefficien rapidlybelowa fuel-air

%—-. *q-
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ratioofabout0.04. Thecontrol-sleevemethodofreference1 was
appliedtothisenginewiththeobjectiveof obtaininghighconimstor

● efficiencyat a fuel-airratioofabout0.02withoutcompromisingthe
performanceathigherfuel-airratios.Thecontrolsleevewasdesigned
to captureabout40percentoftheincomingairflowsothat,at over-
allfuel-airratiosofabout0.02,a localfuel-airratiocloseto 0.05
(theregionofpeakefficiencyconditionsfortheoriginalconfiguration
reportedinref.2)couldbe maintainedattheflame-holdingelements.

N Inanattemptto @rove theperformanceoftheconfigurationwiththe
20 controlsleeveata leanfuel-airratio,theeffectsof exhaust-nozzle

sizeandconibustion-chamberlengthaswellasminormodificationsto
thecontrolsleeveandpilotwereinvestigated.

APPARATUS

TestFacility

Theram-jetenginewasmmrkedina free-Jettestfacilitywhich
isshownschematicallyinfigure1. Airenteredthefacilitythrough
a cotiustion-typepreheateranda surgetankandwasthenexpanded
thro~ha converging-divergingnozzletothedesignMachnumberof 3.0
aheadoftheengineinlet.A completedescriptionof thistestfacility
anditsoperationisreportedinreference3.

Engine

A diagrammaticsketchofthe20-inch-diameterram-jetengineis
showninfigure2. Theinletdiffuserwasofthedotile-coneannular
typewh~chutilizestwoobliqueshocksandonenormalshock.Thesub-
sonicdiffuserportionwasdividedintothee channelsby thecenterbody
s~orts whichextendeddownstreamtotheendof theinnerbody. The
flsmeholderandpilotburnerwerebuiltintegrally,andthepilotburner
wasmountedon thebluntendoftheinnerbody. Thepilotburnerwas
6 inchesindiameterand8 incheslong.Louversnesrtheupstreamend
ofthepilotburnerprovidedairforpilotconibustion.Threegutters,
whichwere3 incheswideattheopenend,extendedradiallyfromthe
downstreamendofthepilotburner.Theseguttersformedchannels
4.4inchesdeepandweremountedon thebluntendsofthetier-body
supports.TwocirculsrV-gutters1 inchwideandwitha 60°included
gutterangleinterconnectedtheradialguttersatradiiof 6.0and
8.5inches.Totalblockageoftheflameholderwas55percentof the
codmstion-chsniberarea. Theenginefuelwasin~ectedthrough27noz-
zleswhichwerelocated17 inchesupstreamoftheflameholderandwhich. sprayedina downstreamdirection.Thenozzleswerelocatedintwocon-
centriccircularmanifolds,eachofwhichwasdividedintothreesegments
becauseoftheinner-bodysupports.Eachoutermanifoldsegmentwas.
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equippedwithfiveequallyspacedfuelnozzlessndeachinnersegmenthad
:

fourequallyspacednozzles.W orderto simplifymaintenance,fixed-area
fuelspraynozzlesweresubstitutedfortheoriginalpintle-typenozzles v
whichwereusedintheinvestigationreportedinreference2. Perform-
ancewiththetwotypesofnozzleswasvirtuAllythesame.

.
A single

fuelnozzlesuppliedfuelto thepilotburner.Ignitionofthepilot
burnerwasaccomplishedbymeansofe+ igniterwhichextendedradially
intothepilotburnerandwhichburnedanelectricallyignitedmixture
ofpropaneandair.

Theenginewasequippedwitha contouredconvergentexhaustnozzle
whichhada minimumareaequalto 55percentof thecotiustion-chaniber
area.A morecompletedescriptionofthisengineanditsunmodified
performanceisgiveninreference2.

Configurations

Sevenconfigurationswereinvestigatedintheevaluationofthe
inner-control-sleevetechniqueasappliedto the20-inchram-jetengine.
Thepertinentfeaturesofeachsresummerizedinthefollowingtable,
andeachisbrieflydescribedinthesucceedingparagraphs:

config-
urateion
nuniber

1

2

3

4

5!
6’
7

Control
sleeve

None

Extendedfrom
fuelnozzles
toflameholder

Extended8 in.
downstreamof
flameholder

Pilot

Original
with

louvers

Lcmversclosed
andholes
drillednear
downstreamend

lombustion-
chamber
length,
in.

48

77

b8
1-
N.

.-

Exhaust-
nozzlearea,
percentof 4

combustion-
chamberarea .

55
—

45 <——
55
45 t

ammzmiu-“
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Configuration1. - Cotiiguration1,whichisdescribedinthepre-
cedingsectionandisshowndiagrammaticallyinfigure2,wasusedin

● determiningtheengineperformancepresentedinreference2 andis
includedtoforma basisof comparisonforthemodifiedconfigurations.
Theconibustion-chanherlengthwas48 inches,andtheexhaust-nozzlearea
was55percentofthecombustion-chsmiberarea.

Configuration2. - Forconfiguration2 a cylindricalcontrolsleeve
wasinstalledwhichextendedfrombetweenthefuel-injectionmanifolds
downstreamtotheplaneoftheannulsrflame-holdinggutters(fig.3).
Thecontrolsleevewasdesignedto captureapproximately40percentof
theengineah flowandto confineallthefuelinjectedbytheinner,
mantioldwithinthecontrolsleeve,thusmakingitpossibletomaintain
a richlocalfuel-airmixtureat theflameholderwhiletheenginewas
operatingat a leanover-allfuel-airratio.

Configuration3. - Configuration3 incorporateda downstreamaddi-
tiontothecontrolsleevewhichextended8 inchesbeyondtheflame
holderintothecombustionchamber(fig.4). Thecontrolsleevewas
extendedtopreventthepossibilityofprematuregyenchingoftheflame
seatedontheinnerV-gutterby theairfromtheouterzone.

Configuration4. - An attemptwasmadeto increasetheinner-zone
conibustorefficiencywithconfiguration4 by providingstrongerpiloting.
Fifteenl/2-inch-diameterholesinthesideofthepilotburnerwere

. substitutedfortheoriginalair-entrylouversat therearofthepilot
burner,therebyenlargingtherecirculationzoneandincreasingthepilot
airflow. Thecontrolsleeveanditsextensionwereretainedincon-
figuration4. Thenewholesandtheblocked-offlouversmaybe seenin
figure4.

Configurations5,6, and7. - Configurations5,6, and7 incorpo-
ratedmodificationsto determinetheeffectof inletvelocityandburner
lengthuponcotiustorperformance.Configuration5 wasthessmeas con-
figuration4 withtheexceptionof theexhaustnozzlewhichhadan area
of 45percentoftheco?ribustion-chaibersxea. Configuration6 wasthe
ssmeas configuration4 exceptthata 29-inchextensionwasaddedto the
combustionchamber.Configuration7 wasthesameas configuration6
exceptfortheexhaustnozzlewhichwas55percentof thecombustion-
chsniberarea.

Instrumentation

Thelocationsoftemperatureandpressuremeasurementsat thevaxi-. ousinstrumentstationsareshowninfigures1 and2. Thetotalpres-
sureandtemperatureweremeasuredinthesurgetankaheadof the
supersonicnozzle(fig.1)andwereusedindeterminingengine~ient.
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conditions.A surveyoftotalandstaticpressureswasmadeinthe
engineata stationnearthedownstreamendofthesubsonicdiffuser
(fig.2)andtheresultswereusedincalculatingtheburnertotal-
pressureratioandthecombustion-chamber-inletMachnumber.A water-
cooledrakelocatedjustupstreamoftheexhaustnozzlewasemployedto
measurethetotalpressureintheconibustionchaniberforuseinair-flow
andefficiencycalculations.Thefuelflowtoboththepreheaterand
theenginewasmeasuredby calibratedrotemeters.Airflowto thepre-
heaterwasmeasuredwithanA.S.M.E.flat-plateorifice.

FROCEDURX

SimulatedFlightConditions

A flowMachnumberof approximately3.0wasobtainedsheadofthe
enginediffuserinletby meansofa convergent-divergentnozzle
(ref.3). Thetotaltemperatureoftheair:enteringthesurgetankwas
raisedto 1100°R by a conibustion-typepreheaterto simulatethestand-
ardtotaltemperaturefora flightMachnumberof 3.0at altitudesabove
thetropopause.Thetotalpressureinthesurgetankwasvariedto sim-
ulatealtitudesof about60,500to 70,400feetinthesupersonicjet
aheadoftheenginediffuser.Theengine,however,by virtueof its
inletandexitgeometry,operatedsupercriticallyforallfuel-air
ratios.Therefore,thecombustion-chamberpressuresweresomewhat
lowerforthesesimulatedaltitudesthanareobtainableinpractice
witha bettermatchingof inletandexitgeometry.

v

2
8.- ..—

.

—

.

.

MethodofEngineOperation

Afterfullsupersonicflowhadbeenestablishedinthesupersonic
nozzle,thethrottlingvalve(fig.1)waspartiallyclosedto raisethe
pressurelevelandreducethevelocitiesin.theenginesufficientlyto
permitignitionofthepilotburnerandtheinnerzoneof themain
burner.Whenburninghadbeenestablished,thethrottlingvalvewas –
openedandtheengineexhaustnozzlechoked.’Fuelflowtotheinner
zonewasvariedto covertherangeof operattinfromleantorich
blow-out(ortothepumpingcapacityofthe“tier-zonefuelsystem).
Theinner-zonefuelflowwasthenheldattheoptimumvalue(peakcom-
bustorefficiency)asfuelflowtotheouter”zonewasinitiatedand
variedto obtainengineperformanceathigh$_uel-airratios.Thefuel
usedintheevaluationofconfiguration1 wa~MIL-F-5624gradeJT-3.
ForallotherconfigurationsthefuelusedwasMIL-F-5624AgradeJP-4.

.—

.

*

Calculations
.

Theenginefuel-airratiowascalculatedas theratioofengine
fuelflowto theunburned-airflowenteringtheenginel.Conibustor
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*
efficiencywastakenastheratioof idealto actual
wheretheidealfuel-airratiowasthatnecessaryto

7

fuel-air ratio,
obtain,inan ideal

. codmstionprocess,thetotalpressurewhichwasmeasuredat theexitof
theengineconkmstionchaiber.Thesymibolsandthemethodsusedto cal-
culateengineairflow,fuel-airratio,cotiustorefficiency,and
conibustion-chaniber-inletMachnuniberareoutlinedinappendixesA andB,
respectively.

RESULTSANDDISCUSSION

In orderto establisha datumwithwhichtheperformanceofthe
variouscontrol-sleeveconfigurationscouldbe compared,theperformance
of theoriginalengineconfigurationreportedinreference2,andherein
referredtoas configuration1, ispresentedinfigure5. Conibustor
efficiency(fig.5(a)),burnertotal-pressureratio(fig.5(b)),
combustion-chambertotalpressure(fig.5(c)),andcombustion-chsmiber-
inletMachnuniber(fig.5(d))=e plottedas functionsof fuel-airratio
forseveralaltitudes.Ofprincipalimportancewithreferenceto this
investigationarethecurvesof cotiustorefficiency(fig.5(a)).Peak
efficiencyof approximately0.90occurredat a fuel-airratioof about
0.042fora rangeofaltitudesfrom60,500to 66,500feet. A gradual
decreaseinefficiencyoccurredasthefuel-airratiowasincreased
beyondthevalueforpeakefficiency.Theefficiencydecreasedvery
rapidly,however,as thefuel-airratiowasreducedfromthepeak-
efficiencyvalueuntilleanblow-outwasencounteredat a fuel-airratio
ofabout0.03. Thischaracteristicofpoorconibustorefficiencyatfuel-
airratioslowerthanabout0.04istypicalof a ramjetdesignedfor
high-temperature-ratiooperation;and,inaccordancewiththeobjectives
outlinedintheINTRODUCTION,itwasthistrendwhichwastobe elimi-
nated,insofsraspossible,by usingthecontrolsleeve.

EffectofControlSleeveandControl-SleeveExtension

Configuration2. - In configuration2 theprinciplesof localizing
fuel-airratiowhicharesetforthinreference1 wereappliedinan
attemptto obtainhighcombustorefficienciesat lowfuel-airratios.
Performanceforthisconfigurationispresentedinfigure6,wherecom-
bustorefficiency,burnertotal-pressureratio,conibustion-chambertotal
pressure,andcordmstion-chmiber-inletMachnumbersreplottedasfunc-
tionsoffuel-airratioforaltitudesof 60,500and70,400feet. The
rangeofengineoperationwasgreatlyextendedintheregionof lean
fuel-airratios,as canbe seeninfigure6(a)by comparingtheperform-
anceoftheinnerzonealonewiththetypicalperformanceof cotiigura-.
tion1. Thepeakconibustorefficiencyfortheinnerzonealonewasabout
0.78ata fuel-airrationesr0.02forbothaltitudes.Thecontnzstor
efficiencydecreasedslightlyas theinner-zonefuel-airratiowas*
increasedfrom0.02to 0.04. Operationat a fuel-airratioleanerthan
0.02 resultedin leanblow-outforthe higheraltitudeanda veryrapid
decreasein conibustorefficiencyfortheloweraltitude.Thecontrol
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sleevehadlittleeffectuponcombustorefficiencyabovea fuel-air 8
ratioof 0.05withbothinnerandouterzonesburning.

—

As previouslystated,differentfuelswereusedintheevaluationof .
configurations1 and2 (MIL-F-5624gradeJP-3forconfiguration1 and
MIL-F-562MgradeJP-4forconfiguration2). It isbelieved,however,
thatthechangeinfueltypeduringthisprogramhadlittleeffecton com- N
busterperformanceattheinletpressureandtemperatureconditionsofthe

4
$

investigation.Inanyevent,theimprovedperformanceof configuration2
atfuel-airratiosleanerthan0.035couldnotbe attributedtothe
slightdifferencesinfuelused.

Theburnertotal-pressureratio(fig.6(b))wasonly1 or 2 percent
lowerthanforconfiguration1 (fig.5(b)).Conibustion-chambertotal
pressureandcotiustion-chaniber-itietMachnumberforconfiguration2 are
showninfigures6(c)and6(d),respectively.Itmaybe seenfromfig-
ure6 thataltitudehadno significanteffectuponburnerperformance
withintherangeforwhichdatawereobtained.Thisinsensitivityto alti-
tudewasalsoobservedforotherconfigurations.Forsimplicity,there-
fore,onlytheperformancedataforonealtitude(approximately70,400ft)

—

arepresentedinthesubsequentdiscussionofconfigurations3 to 7.

Configuration3. - Whereasthecontrolsleeveof configuration2
extendedtheleanrangeof operationtoa fuel-airratioof 0.02before
a markeddecreaseinefficiencyorblow-outoccurred,thelevelofpeak
combustorefficiencywithinner-zoneinjectionalonewasabout10points
lowerthanthatwithinjectioninbothzones.Itwasfeltthatapproxi-
matelyequalefficienciesshouldbe obtainablewithbothmethodsof
injection.Therefore,inordertoeliminatethepossibilitythatthe
lowinner-zonecodmstorefficiencyof configuration2 mightbe caused
by prematurequenchingoftheinner-zoneflemeby theairof theouter
zone,thecontrolsleevewasextended8 inchesbeyondtheplaneofthe
flsmeholder.Theperformanceofthisconfigurationispresentedin
figure7. Figure7(a)showsthatthemaximumcombustorefficiencyof
theinnerzonewasaboutthesaneasforconfiguration2,butoccurred
ata leanerfuel-airrptioofapproximately0.015.Configuration3,
therefore,didnotraisethepeakinner-zonecombustorefficiencyto the
desiredvalue.Thesleeveextensioncauseda ratherrapiddecreasein
efficiencyasthefuel-airratiooftheinnerzonewasincreasedfrom
thepointofmaximumefficiency.Thiswasprobablyduetothecon-
finingoftheover-richmixturefromtheinnerzonetoofardownstream
intheconibustionchanibertopermitmixingandburningwiththeairfrom
theouterzone.Thecontrol-sleeveextensionalsoisolatedtheouter-
zoneflame-holdingguttersfromthepilotingsystem.Thisprevented
flameseatingontheouter-zoneguttersfor.Leanmixturesintheouter
zone.Theresultwasa rapiddecreaseinefficiencywhenoperatingwith
bothzonesasthefuel-airratiowasdecreasedfromthepointofmaximum
efficiency.Thusthecontrol-sleeveextensioncauseda largeregionof
lowefficiencyintherangeoffuel-airratiosbetween0.02and0.05
whenoperatingwithbothzones.Theefficiencypeakforoperationwith
bothzoneswasata fuel-airratioof0.05(leanerthanforconfigura-
tion2),andthemaximumefficiencyof85percentwasslightlylower

“–

●

.

.
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s
thanforthepreviousconfigurations.Thislowerpeakefficiencyfor
operationwithbothzonesresultedfromholdingtheinner-zonefuelflow

. ata valuecorrespondingto anover-allfuel-airratioof 0.025rather
thantheoptimumof 0.015.Discussionof a subsequentfigureshowsthe
importanteffectof inner-zonefuelflowuponpeakover-allefficiency.

Infigure7(b)theburnertotal-pressureratiois showntobe about
1 percentlower
figuration2.

Effect

Thesleeve

withthecontrol-slee~eextensionthanitwasforcon-

ofPilot-BurnerModifications- Configuration4

extensionof configuration3 wasobservedtohaveno
effectonpeakconibustorefficiencyintheleanrangeof fuel-air
ratios.Ina furtherefforttoraisethepeakefficiencyinthelean
rangeoffuel-airratios, modificationsto thepilotweremade. ItWU.S
feltthatan increaseofpilot-burnerheatreleasemighthavea benefi-
cialeffectonmainstreamburning.In configuration4, therefore,the
originalupstreamlouversinthepilotburnerwereclosedandairacb.uis-
sionholesweredrilledapproximately6 inchesdownstreamof thepilot-
burnermuuntingface.

Typicalinner-zoneperformanceofthisconfiguration(foronepilot
fuelflow)is showninfigure8 andisessentiallythesameastheper-
formanceof configuration3. Anyconsistenttrendsdueto thechanges
madeinthepilotburnerorvariationsinthepilot-burnerfuelflow
werenotapparent;eithertherewerenone,ortheywereobscuredby the
spreadof datapoints.Inanyevent,theeffectcouldnothavebeen
marethan2 or 3 pointsonthepeakefficiency.

Effectof Conibustion-ChamberLengthandInletVelocity

Becausethecontrol-sleeveextensionandpilot-burnermodifications
didnotraisethepeakefficiencyof inner-zoneoperation,itwasdecided
to decreasethecofiustion-chsniber-inletvelocityandto increasethe
conibustion-chaiberlengthto seeifanyhprovementsinefficiencycould
be obtainedby thesemethods.

Configuration5. - Forconfiguration5 theexhaust-nozzlesizewas
reducedfrom55to 45percentofthecotiustion-chamberarea. This
decreasedtheconibustion-ch-ervelocitiesapproximately20percentand
resultedina correspondingincreaseinpressuresfora givenaltitude.
Theperformanceof configuration5 ispresentedinfigure9. F-e 9(a). showsthatthepeakefficiencieswerenotnoticeablychangedfromthose
ofpreviousconfigurations.Therichblow-outpointfortheinnerzone
wasextendedfroma fuel-airratioof about0.04to about0.05because.
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,/
of themorefavorableconditionsofpressureandvelocityattheflame
holder.Theconibustorefficiencycurvewithfuelinjectioninbothzones
stillshoweda regionoflowefficiencyarounda fuel-airratioof 0.035 .
duetothecontrol-sleeveextension.Theburnertotal-pressureratio
showninfigure9(b)wasabout2 or 3 pointshighercomparedwithcon-
figurations3 and4 becauseofthelowerfl@e-holderpressuredropat
thelowervelocities.Thecombustion-chsniber-inletMachnumber
(fig.9(d))decreasedabout17percentfromthevaluesof figure6(d).

Configuration6. - Configuration6 incorporateda conibustion- E
chsmiberextensionwhichincreasedthecombustion-chamberlengthby -N
60percent.The55-percentexhaustnozzlewasusedforthisconfigura-
tion. Theperformanceforconfiguration6 iEshowninfigure10. The
maximwn”cotiustorefficiencyfortheinnerzonewas0.88ata fuel-air
ratioof 0.015(fig.10(a)).Thiswasan increaseof8 pointsover
previousconfigurations.Operationatfuel-airratiosleanerthan

-.

0.015andricherthan0.04fortheinnerzonewaspurposelynotattempted
forconfiguration6 becauseofoperationaldifficultywiththepropane
igniterwhichwouldhavepreventedreignitionoftheengineintheevent
of a blow-out.Thedecreaseincombustorefficiencyontherichsideof
themaximumefficiencypointfortheinnerzonewasnotaspronounced
withthelongcombustionchsmberas itwaswiththeshortchamber.This
wasprobablyduetothefactthattheincreasedlengthprovidedforbet-
termixingof theover-richmixtureofgasesfromtheinnerzonewith
theairfromtheouterzone,thuspermittingmorecompleteconibustion.
Forburningwithbothzonesthepeakefficiencywasincreasedabout -“
5 pointsoverpreviouscortigurationsto0.92ata fuel-airratioof
0.045.Thusit isappsrentthattheaddedconibustion-chaniberlengthhad

—

a beneficialeffectuponthecodmstorefficiency.
.

Configuration7. -Forconfiguration7 theadditionalconibustion-
chamberlengthwasretained,sndthe45-percentexhaustnozzlewasagain
usedto determinetheeffectof contmstion-chauiber-inletvelocity.The
‘performanceof configuration7 ispresentedinfigureIl. Theinner-zone
peakefficiency(fig.n(a))wasslightlylowerforthisconfiguration
thanforconfiguration6. Thepeakefficiencyforfuelinjectionin
bothzoneswasunchanged.Thus,asforconfiguration5, thedecreasein
combustion-chmiber-inletvelocitydidnotincreasethepeakcombustor
efficienciess.Therichlimitofoperationoftheinnerzonealonewas
efiendedfroma fuel-airratioof0.05(fig.9(a))to above0.0575by
theaddedconibustion-chamberlength.Operationatfuel-airratiosabove
0.0575wasnotpossiblewiththeinnerzonebecauseofthelimitations
of thefuelsupplysystem.Theeffectof changesininner-zonefuel
flowwhenburningwithbothzonesis shownby figuren(a),wherethe
spreadof efficiencywithvariationsininner-zonefuelflowwasas
largeas 20points(atan over-allfuel-airratioof0.045).Thekeyin
figure11givestheinner-zonefuelpressure,.whichwasheldconstant
duringburningwithbothzones,andalsothecorrespondingfuel-airratios

.

.
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forthesepressureswhentheinnerzonewasburningalone.Thethree
curvesof coniblnedinner-andouter-zoneburningappeartobe similar,

. exceptthatthepeakswereshiftedtoricherfuel-airratiosandlower
cotiustorefficienciesas theinner-zonefuelratewasincreased.This
indicatesthatthelocal.conibustionperformanceoftheouterzoneis
relativelyindependentof thelocalinner-zonefuelrateandthatchanges
inthecombinedperformanceofbothzonesastheinner-zonefuelrateis

3 vsriedsreprimarilydueto thechangesof inner-zoneperformance.Thus,
% thebestperformancewithbothzoneswasobtainedwhentheinner-zone

f-l flowwasheldata valuewhichgavethebestefficiencywhenthe
innerzonewasoperatedalone.

CONCLUDINGMMAItK8

Theinsertionofa fuel-mixturecontrolsleeveprovidedsm optimum
localfuel-airratioovera portionoftheflame-holdingsystemandper-
mittedoperationatreasonablyhighcombustorefficiencyat lowfuel-air
ratioswithoutcompromisingtheperformanceforhigh-fuel-air-ratio
operation.Suchcotiustorcharacteristicswouldsatisfytherequirements
of long-rangemissilesneedingfullenginepowerduringboostandcli.uib,
andeconomicallow-fuel-air-ratiooperationduringcruise.

Additionof thecontrolsleeve,whichcausedonlya slightincrease
intheburnertotal-pressureloss,extendedtheleanlimitof operation-,
froma fuel-airratioof0.03fortheconfigurationwithno sleeveto
fuel-airratiosof slightlylessthan0.015forthemodifiedconfigura-
tions.Thepeakinner-zoneconibustorefficienciesforthemodifiedcon-
figurationswerefrom0.80to 0.88at a fuel-airratioof about0.02
andsimulatedaltitudesof 60,500to 70,400feetat a flightMachnumiber
of 3.0. Thepeakover-allcotiustorefficiencieswerefrom0.88to
0.92at a fuel-airratioof 0.045to 0.05forthemodifiedconfigura-
tions,whichwereessentiallythesameasfortheconfigurationwithno
controlsleeve.

A decreasein conibustion-chaniber-inletvelocityof approximately
20percenthadno significanteffectuponpeakcombustorefficiencies.
In contrast,an increaseof 60percentin cotiustion-chsmberlength
increasedthepeakcombustorefficiencyoftheinnerzoneby asmuchas
8 pointsandincreasedthepeakefficiencyforburninginbothzonesby
5 points.

LewisFlightPropulsionLshoratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio
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APPENDIXA

SYMBOLS

Thefollowingsymbolsareusedinthisreport:

NACARM E52L26

A

B

Cd

f/a

(f/a)‘

(f/a)p

(f/a)s

%

M

P

P

R

T

v

w

T’Ja

‘f,e

Wf,p

Wu

r

area,sqft

fractionof supersonicjetflowenteringengineinlet

dischargecoefficientof engineexhaustnozzle

enginefuel-airratio

idealfuel-airratio

fuel-airratioofpreheater

stoichiometricfuel-airratio

accelerationduetogravity,ft/sec2

Machnumber

totalpressure,lb/sqft abs

staticpressure,lb/sqft abs

gasconstant,ft-lb/(lb)(%)

totaltemperature,%

velocity,ft/sec

engineinlet-airflow,lb/see(containingpreheaterproductsof
combustion)

airflowtopreheater,lb/see

fuelflowto engine,lb/see

fuelflowtopreheater,lb/see

unburned-airflowenteringengine,lb/see

ratioof specificheats

.

.

—

.

-—

—

?

.._
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.
n conibustorefficiency

. P density,lb/cu

Stiscripts:

o freestres3n

ft

2 1 lipof inletcowl
%

2 subsonic-diffuserexit

2’ conditionsat station2 adjustedto combustion-chs.niber

3 planeofflame

4 exhaust-nozzle

5 exhaust-nozzle

holder

inlet

minimumarea

c cold(i.e.,enginenotburning)

h hot(i.e.,engineburning)

13

area

.

.

“..>
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METHOIHOFCALCULATION

NACARM E52L26

Engineinlet-airflow.- Theengineexhaustnozzle
convenientmeteringorificefordeterminingtherateof
throughtheenginefornonburningconditions.Inasmuch

servedasa
flowofair N
as thediffuser 4M

wasoperatingsupercriticallyat‘alltimes,theinlet-airflow,ata o
givenaltitude,wasthesameforburningandnonburningconditions.The ._
engineinlet-airflowwascalculatedfromthemass-flowequation

(1)w=~5,cccl,cA#5,c
Thiswasexpressedas

(2)

where P5,C and T5,C wereassumedequalto P4,C and To,respec-
tively.Theexhaustnozzlewaschokedsothat ~,c wasequalto 1.
Theexhaust-nozzledischargecoefficientCd,c wasassumedtobe 0.985.
Leakagethroughtheengineflangeswasassmnedtobe negligible.

Enginefuel-airratio.- Theenginefuel-airratiowasdefinedas
theratiooftheenginefuelflowto theunburnedairpassingthrough
theengineinlet.Leavingthepreheaterwasa gaswhichhada fuel-air
ratioof

(f/a)p= ‘+ (3)

Itwasfoundthat the preheatercombustd.mefficiency wasnearly100per-
cent. Theratio B oftheengineinlet-airflowtothesupersonicnoz-
zleflowwasconstantforall@et pressures.Theunburnedairenter-
ingtheenginewasthen

‘fl”arl -al (4)

—

.

.—

—

Thisisdifferentfrom W, whichincludespreheaterproductsofccmibus-
tion. Theenginefuel-airratiowasthen .— —

‘/a=*] (5) “

.
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.
Becauseitwasmoreconvenienttomeasuretheengineinlet-airflow W
than BWa,usewasmadeofthefollowingrelation:

.
W = B(Wa+ Wf,p)= ~a~ + (f/a)~ (6)

Rearranginggives

ma= ~+ :1-/a)Pl (7)

S~stitutionof equation(7)in equation(5)gives

[1Wf e 1+ (fY4p
f/a= +

p
(8)

-m

Cofiustorefficiency. - Thecordmstorefficiency ~ wasdefinedas

/q = (f/a)’ f/a (9)

where f/a is givenby equation(8) and (f/a)’ is the ideal fuel-air
ratio whichwouldhaveproducedthe sameburnerpressureP4 aswas
measuredfortheburningconditionsunderconsideration.Thus,theeffi-
ciencywasrelatedonlytoburnerpressure,obviatingthedirectmeas-
urementofthehighcotiustion-chambertemperatures.

.
Thedeterminationof (f/a)twasimplementedinthefollowingway.

Becausetheengineinletdiffuseroperatedsupercritically
theentering-airflowat a givenaltitudewasthesamefor
ingandburningconditionsandcouldbe expressedas

‘5,hCd,hA5v5,hw= P5,ccd,c%v5,c= ‘f e1++

at alltimes,
thenonburn-

(10)

By useoftheequationof stateandby convertingstaticpressureand
temperatureto totalvaluesandvelocity to Machnudmr,equation(10)
maybe expressedas
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or
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yc+l

w 47RCT5~ Tc-l

)

W
P5,C= %, CA5%,c

l+—
T(#3 2 %,.2

Dividingequation(11)by equation(12), assumingthat

P5,C= P*,C

P5,h = ‘4, h ‘

T5,C = ‘4, C=TO

‘5, h= ‘4, h

cd,h = Cd,c

andnotingthat

M5,C= ~,h= 1

the followingequationis obtained

(I-2)

(X5)

(14)

(is)

(16)

(17)

(18)

(19)

Equation(19) wasevaluatedfor variousenginefuel-airratios by using
theoretical conibusti.oncharts, whichincludedeffects of dissociation,
tO find T4,h. Thesedatawerethenplotted as (f/a) ‘ against

P4)+’4,C” Byreferringto thisplot,thetheoreticalfuel-airratio
(f/a) ‘ couldbe obtainedforeachvalueof P4 h/P4~ measuredinthe
enginecotiustionchsmber. ) ?

Thecotiustorefficiencyasdefinedaboveisnota chemicalcom-
bustionefficiency suchas a heat-balance
indicate. Thecaribustorefficiencybased

or enthalpy-risemethodwould
ontotal-pressuremeasurement

.

.

—

. —

.

-“w
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.
is, however,morerepresentativeof over-all engineperformance,in
viewof the fact that it indicateshoweffectively the fuel is being

. usedto providethrustpotential ratherthanhowcompletelythe fuel is
beingburned.

Ccmibustion-chatier-inletMachnuniber.- Theconibustion-c_er-
inletMachnumberwascalculatedlyusingtheengineinlet-airflow W,
thestaticpressuremeasuredintheengineinletdiffuserP2, the
saibienttotaltemperatureTo,andthemaximumareaof thecombustion
chamber(314.2sqin.).

1.Cervenka,A. J.,andDangle,E.E.: EffectofFuel-AirDistribution
onPerformanceofa 16-InchRam-JetEngine.NAC!ARME52D08,1952.

2.Smolak,GeorgeR.,andWentworth,CarlB.: AltitudePerformance
of a 20-Inch-DiamterRam-JetEngineInvestigatedina Free-Jet
FacilityatMachNumber3.0. NACARME52K24,1953.

3.Wentworth,CarlB.,Hurrell,HerbertG.,sadNakanishi,Shigeo:
Evaluationof OperatingCharacteristicsofa SupersonicFree-Jet
FacilityforFull-ScaleRam-JetInvestigations.NACARME52108,
1952.
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